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Introduction {#sec004}
============

Coronary atherosclerosis is the leading cause of death and disability in developed countries and is a serious health problem worldwide \[[@pone.0163055.ref001]\]. Understanding the pathophysiological mechanisms of progression would be useful to evaluate prevention strategies. Mice and rabbits fed high-fat diets spontaneously generate atherosclerotic aortic plaque \[[@pone.0163055.ref002], [@pone.0163055.ref003]\], but large animal models that adequately mimic coronary atherosclerosis are not widely available \[[@pone.0163055.ref004], [@pone.0163055.ref005]\].

Swine coronary arteries are anatomically and physiologically similar to humans \[[@pone.0163055.ref006], [@pone.0163055.ref007]\]. Many preclinical studies use pig coronary models, and these have contributed to advances in coronary intervention \[[@pone.0163055.ref008]\]. However, preclinical studies have focused on non-atherosclerotic normal coronary swine arteries raising questions about applicability to humans. Thus, much effort is directed toward developing an atherosclerosis model similar to human coronary lesions. Experimental findings show that domestic swine fed high-cholesterol/high-fat diets spontaneously develop atherosclerosis \[[@pone.0163055.ref009], [@pone.0163055.ref010]\]. Rapacz found that coronary atherosclerosis develops in pigs with genetically inherited hyper LDL-cholesterolemia \[[@pone.0163055.ref004], [@pone.0163055.ref005]\]. Several swine coronary atherosclerosis models have been induced by combining diabetes, hypercholesterolemia \[[@pone.0163055.ref011]\], with and needle injury \[[@pone.0163055.ref012]\]. Widespread application of these models is limited because of the long period required for advanced atherosclerotic lesions and high cost. These consideration suggest the need for less expensive and rapidly developing-swine model. We thus created an accelerated model of coronary atherosclerosis using a low density lipoprotein receptor knock-out (LDL-R KO) pig with balloon injury and a high lipid-rich diet.

Material and Methods {#sec005}
====================

Ethic Statement {#sec006}
---------------

Experiment with gene recombination were performed in agreement with the Gene Recombination Experiment Security Committees University of Juntendo University (No. DNA22-44) and the National Institute of Agrobiological Science (No. 500035). Animal Care and Use Committee of Juntendo University (No. 1036) and the National Institute of Agrobiological Science (No. H18-038) approved the entire study and the experiments were performed in accordance with the NIH guidelines (Guide for the care and use of laboratory animals). All pigs were housed and monitored with veterinary care at the Center for Biomedical Research Resources, Juntendo University. General condition of pigs was monitored directly by veterinary technicians of the house every two-hour. Standard procedures for animal husbandry were followed. All procedure was performed under anesthesia with ketamine (30 mg/kg) and xylazine (3 mg/kg) intramuscularly, and maintained with 1% - 2% isoflurane by ventilator after intubation. Continuous hemodynamic and electrocardiographic monitoring was done. The pigs were euthanized using intravenous barbiturate commercial euthanasia solution by ear vein (50 mg/kg). Body temperature and respiration rate was used as humane endpoint in the present study.

Production of cloned LDL-R-targeted pigs {#sec007}
----------------------------------------

Cloned LDL-R-targeted pigs were produced as previously described \[[@pone.0163055.ref013]\]. In brief, the conventional targeting vector for porcine LDLR gene was constructed so that a major part of exon 4 was replaced by the neomycin resistance gene. This vector was introduced into fetal fibroblasts from Landrace x Large White crossbred pigs using a Gene Pulser II (Biorad). The targeted cell clones were screened by PCR and then used as donor cells for nuclear transfer. Nuclear and subsequent embryo transfer were performed as previously described \[[@pone.0163055.ref014]\]. The cloned fetuses were collected at 39 and 72 days of gestation to confirm the targeting events by southern blotting and to obtain large cell populations for further nuclear transfer. The cell populations which were confirmed for targeting were used for secondary nuclear transfer. The F1 progeny was produced by artificial insemination or in vitro fertilization (IVF) using epidyimal sperm collected from clones as previously described \[[@pone.0163055.ref015]\]. The F2 and later progeny including homozygously LDLR-targeted pigs were produced by conventional breeding methods using heterozygously LDLR-targeted F1 pigs.

Animals {#sec008}
-------

Twelve juvenile LDLR-KO pigs (Sus scrofa, aged 2 to 3 months and weighing 20--30 kg) were randomly allocated into four groups (n = 3 each) and euthanized at 2, 4, 8, 12 weeks after balloon injury. All pigs were fed with a diet comprising of 2.0% cholesterol/20% lard throughout the study to develop and maintain hypercholesterolemia. Angioplasty was performed in the left anterior descending (LAD) and left circumflex coronary arteries (LCX) of all groups after two weeks to accelerate coronary plaque development ([Fig 1](#pone.0163055.g001){ref-type="fig"}). Blood samples were obtained at baseline, immediately before and 4, 8, 12 weeks after balloon injury.

![Study protocol.\
Twelve two-month-old LDLR-KO pigs were randomly allocated to four groups (n = 3 each) and fed with a diet containing 2.0% cholesterol/20% fat throughout the study. The coronary arteries were injured using balloons and then the pigs were sacrificed at 2, 4, 8 and 12 weeks later. Coronary plaque development was accelerated in all pigs by angioplasty of left anterior descending and left circumflex arteries.](pone.0163055.g001){#pone.0163055.g001}

Procedures {#sec009}
----------

The pigs were anesthetized with ketamine and xylazine intramuscularly, and maintained with isoflurane by ventilator after intubation. Continuous hemodynamic and electrocardiographic monitoring was done. Cutdown was performed on either the external carotid or femoral artery and a 6Fr arterial sheath positioned for vascular access. All animals received a single dose of aspirin (330 mg) two days before procedure. After coronary angiography (CAG) with systemic heparinization (5000 IU/body), left anterior descending and circumflex arteries were dilated three times for 20 seconds using an oversize balloon (Angioscurpt, Volcano Japan; diameter; 3.0--3.5 mm; length,18 mm) at a 1.1--1.2 ratio of balloon to artery diameter.

Tissue harvesting {#sec010}
-----------------

Two, 4, 8 and 12 weeks after angioplasty, coronary angiography was repeated as described above. The pigs were euthanized using intravenous barbiturate commercial euthanasia solution and the 46 coronary arteries harvested and perfused with 10% buffered formalin and Coronary artery segments injured by the balloon were paraffin embedded, stained with hematoxylin-eosin, Elastic van Gieson and Azan, and at least two 5-mm long sections of left anterior descending and left circumflex arteries were histomorphometrically analyzed. Subsegments of interest in OCT compound were snap-frozen in liquid nitrogen and cut into 5 μm thick section for oil red. The sections were examined by microscopy and their areas measured using a KS-400 image-analysis system (Carl Zeiss vision GmbH, Hallbermoss, Germany). Injured areas encroached to the external elastic lamina (EEL), the internal elastic lamina (IEL) and lumen areas were measured using computer-assisted digital planimetry. Intimal (plaque) area was calculated using computer-assisted digital planimetry as the IEL area minus lumen area. Observers were blinded to the experimental groups histologically analyzed all sections. Segments of ascending aorta, carotid artery and right coronary artery were also paraffin embedded, stained with hematoxylin-eosin as non-injured vessels.

Histopathological analysis {#sec011}
--------------------------

Paraffin-embedded slides were deparaffinized, rehydrated and then antigen retrieved by heat induction. A goat polyclonal cathepsin-S antibody (Santa Cruz Biotechnology Inc.) was applied for 30 min at a concentration of 3 μg/mL as described to identify macrophages \[[@pone.0163055.ref016]\]. Tissue sections were visualized using a NeXES IHC automatic immunostainer (Ventana Medical Systems, Tucson, AZ, USA) and a standard 3', 3'-diaminobenzidine (DAB) detection kit (Ventana Medical Systems) and counterstained with hematoxylin. The sections were dehydrated, placed in xylene and coverslipped. The ratio (%) of the cathepsin S positive area was determined under high-power magnification (× 400) using a KS-400 image analyzing system (Carl Zeiss Vision GmbH). Anti-alpha smooth muscle actin staining (1:300, Abcam) were also performed.

Statistical analysis {#sec012}
--------------------

Experimental values are shown as means and SD unless indicated otherwise. Groups were compared using one-way analysis of variance (ANOVA) or Mann-Whitney U-test. The intima-media ratio in each group was compared using a linear trend test. The significance of differences in positive catepsin-S areas among groups was determined by Tukey's multiple comparison test. All data were statistically analyzed using JMP8.0 (SAS Institute Inc., Cary, NC, USA). P-value \< 0.05 was considered to indicate statistical significance.

Results {#sec013}
=======

Body Weight {#sec014}
-----------

[Table 1](#pone.0163055.t001){ref-type="table"} shows time dependent change of body weight and age-matched body weight. Mean body weight at baseline was 602.8 ± 104.4 mg/dL and gradually increased after starting the high-cholesterol/high-fat diet and was maintained in the range of 50--60 kg.

10.1371/journal.pone.0163055.t001

###### Time dependent change of body weight (BW).

![](pone.0163055.t001){#pone.0163055.t001g}

                    baseline    at balloon injury   4week       8week       12week
  ----------------- ----------- ------------------- ----------- ----------- -----------
  BW (kg)           29.0±7.9    33.7±3.3            35.2±4.6    56.5±25.8   59.1±32.8
  BW/age (kg/day)   0.29±0.06   0.30±0.01           0.24±0.02   0.33±0.11   0.29±0.13

Serum Lipids {#sec015}
------------

Mean baseline levels of total cholesterol and LDL-cholesterol (LDL-C) were 602.8 ± 104.4 mg/dL and 510.0 ± 86.1 mg/dL, respectively ([Table 2](#pone.0163055.t002){ref-type="table"}). [Fig 2](#pone.0163055.g002){ref-type="fig"} shows the serum cholesterol levels of LDLR-KO swine during the study period. LDL-C levels rapidly increased after starting the high-cholesterol/high-fat diet and were maintained in the range of 600 to 1000 mg/dL.

10.1371/journal.pone.0163055.t002

###### Lipid Profiles.

![](pone.0163055.t002){#pone.0163055.t002g}

  Lipid profiles   baseline      4week        8week        12week
  ---------------- ------------- ------------ ------------ --------------
  TC (mg/dL)       602.3±104.4   904.8±51.7   872.5±46.0   1088.3±294.2
  LDL-C (mg/dL)    510.0±86.1    884.8±47.3   859.2±52.4   816.5±61.6
  HDL-C (mg/dL)    24.5±7.45     32.6±2.42    34.8±0.71    42.0±1.2
  TG (mg/dL)       43.2±10.1     33.8±3.36    42.4±7.6     48.0±28.0

Abbreviations: HDL-C, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol; TC, total cholesterol; TG, triglycelide.

![Time dependent changes in low density lipoprotein cholesterol levels in pigs fed with high-cholesterol/high-fat diet (n = 3 each, 12 in total).](pone.0163055.g002){#pone.0163055.g002}

Non-injured vessels {#sec016}
-------------------

[Fig 3](#pone.0163055.g003){ref-type="fig"} shows pathological features of ascending aorta, carotid artery and right coronary artery as non-injured vessels. Intimal thickening with extracellular lipid accumulation in the luminal part of an arterial intima was observed.

![(A-F): Histological features of non-injured vessels of 12 week model.\
A and B, ascending aorta; C and D, carotid artery; E and F, right coronary artery). Intimal thickening with extracellular lipid accumulation in the luminal part of an arterial intima. Scale bar, 50 μm on the left panel and 200--500 um on the right panel.](pone.0163055.g003){#pone.0163055.g003}

Coronary balloon-injured lesions {#sec017}
--------------------------------

[Table 3](#pone.0163055.t003){ref-type="table"} shows pathologic findings. Forty-six coronary artery sections were obtained 2, 4, 8 and 12 weeks after balloon injury (n = 3 each, 12 in total) to evaluate lesion progression. The mean intima to media ratio significantly and dose-dependently increased between weeks 8 and 12 (0.78% ± 0.25% vs. 1.12% ± 0.6%; P for trend, \< 0.0001) indicating continuous intimal proliferation even 4 weeks after balloon injury. Coronary lesions at week 4 generally consisted of lipid accumulation with foam cells and inflammatory cells ([Fig 4](#pone.0163055.g004){ref-type="fig"}). By week 8, eccentric coronary plaque became infiltrated with macrophages, which together with foam cells indicated increasing lesion complexity ([Fig 5](#pone.0163055.g005){ref-type="fig"}). The number of inflammatory cells decreased by week 12 and a fibrous component predominated ([Fig 6](#pone.0163055.g006){ref-type="fig"}).

10.1371/journal.pone.0163055.t003

###### Pathological values at weeks 2, 4 8 and 12 after balloon-induced arterial injury.

![](pone.0163055.t003){#pone.0163055.t003g}

                        2 week      4 week      8 week      12 week
  --------------------- ----------- ----------- ----------- -----------
  Vessel Area (mm^2^)   2.73±0.85   3.10±1.10   3.84±0.53   4.56±1.34
  Intima Area (mm^2^)   0.29±0.16   0.79±0.77   1.35±0.40   1.84±0.91
  Medial Area (mm^2^)   1.60±0.47   1.60±0.59   1.80±0.39   1.95±0.88
  Intima/Media Ratio    0.17±0.06   0.51±0.54   0.78±0.25   1.12±0.66

Variables were represented by mean±SD.

![(A-H): Representative coronary section of LDLR-KO pig at four weeks after balloon injury.\
Intimal hyperplasia consists of accumulated lipid and dense macrophage infiltration. A and B, hematoxylin-eosin; C and D, Elastica van Gieson; D and E, Azan; G and H, cathepsin S immunohistochemical staining. Scale bar, 500 μm on the left panel and 50 μm on the right panel.](pone.0163055.g004){#pone.0163055.g004}

![(A-L): Coronary arterial lesion in LDLR-KO pig at eight weeks.\
Eccentric coronary plaque with considerable macrophage infiltration and foam cells indicates increased lesion complexity. A and B, hematoxylin-eosin; C and D, Elastica van Gieson; E and F, Azan; H and E, cathepsin S immunohistochemical staining; I and J, alpha smooth muscle actin immunohistochemical staining; K and L, oil red staing. Scale bar, 100 μm on the left panel and 500 μm on the right panel.](pone.0163055.g005){#pone.0163055.g005}

![(A-D): Coronary arterial lesion in LDLR-KO pig at 12 weeks.\
Intima has further thickened and cell components have changed. Numbers of inflammatory cells have decreased and fibrous components have become predominant. A, hematoxylin-eosin; B, Elastica van Gieson; C, Azan; D, cathepsin S immunohistochemical staining. Scale bar, 500 μm.](pone.0163055.g006){#pone.0163055.g006}

Time-dependent changes of percent positive cathepsin S area {#sec018}
-----------------------------------------------------------

Macrophage content in lesions was immunohistochemically quantified using cathepsin S. The mean ratios of macrophages to plaque areas were significantly and time dependently higher at weeks 4 and 8 compared with week 2 (8.79% ± 5.98% and 17.00% ± 10.38% vs 1.14% ± 1.88%; P \< 0.0001 for both), whereas the ratio (%) of the cathepsin S area had decreased to 4.00% ± 4.56% (P = 0.66 vs. baseline) at week 12 ([Fig 7](#pone.0163055.g007){ref-type="fig"}).

![Time dependent changes in ratio of area positively stained for cathepsin S.\
Macrophages in lesions were immunohistochemically stained with cathepsin S (n = 12). Mean ratios of macrophages to plaque areas significantly and time-dependently changed at weeks 4**\*** and 8^†^ compared with that at week 2 (8.79% ± 5.98% and 17.00% ± 10.38% vs. 1.14% ± 1.88%; P \< 0.0001) whereas at week 12 the ratio decreased towards the value at week 2 (4.00% ± 4.56% vs; baseline P = 0.66).](pone.0163055.g007){#pone.0163055.g007}

Discussion {#sec019}
==========

We developed a large animal coronary atherosclerosis model for evaluating coronary atherosclerosis. This was accomplished using a LDLR-KO pig created by deleting the LDLR exon region from cultured porcine fetal fibroblasts. Mean baseline LDL-C levels were higher than those of other swine with familial hyperlipidemia. Moreover, coronary atherosclerosis was rapidly and reproducibly created by feeding the LDLR-KO pig with a high-cholesterol/high-fat diet and injuring their coronary arteries using balloons. We also discovered a significant time-dependent variation of histological lesion characteristics of coronary arterial lesions

A large animal model of coronary atherosclerosis similar to that in humans with respect to the size of coronary arteries and lesion characteristics is essential for translational studies in coronary intervention and imaging. Other pig models of advanced coronary atherosclerosis are less appropriate for such studies since pathology is quite variable and the long period required. Diet-induced mild-to-moderate atherosclerotic lesions have created in swine \[[@pone.0163055.ref008], [@pone.0163055.ref009]\] and Rapacz introduced familial hyperlipidemic pigs with advanced coronary atherosclerotic lesions\[[@pone.0163055.ref017], [@pone.0163055.ref018]\]. However, they have not been used in preclinical studies because up to two years is required for advanced lesions, the weight of pigs becomes unwieldy (\> 200 kg) and they are extremely expensive to produce and maintain. Several line of gene-modified pigs for atherosclerosis have also been reported \[[@pone.0163055.ref019]--[@pone.0163055.ref022]\]. David et al generated Yucatan miniature pigs with targeted disruptions of the LDLR gene showing advanced coronary atherosclerotic lesions at 11 months of age. Al-Mashhadi et al also generated Yucatan minipigs of atherosclerosis model induced by DNA transposition of a PCSK9 gain-of function mutations. These model using miniature pig takes advantages in size and consistency over previous models. Recently Li Y et al and our co-worker (Onishi A) generated a cloned LDL-R-targeted pig and showed spontaneous coronary atherosclerosis with high fat diet at 7 months of age \[[@pone.0163055.ref013]\]. We also confirmed early stage of spontaneous atherosclerosis in ascending aorta, carotid artery and right coronary artery as non-injured vessels using the same line of LDLR KO pig as our model in 12 week model (at 5 months of age) but not in earlier model.

General limitations to porcine coronary atherosclerotic models include the need for significant infrastructure to support animal maintenance, a long time frame to create and monitor lesions and significant financial investment. Significant coronary atherosclerotic lesions take a long time to develop and they do so in unpredictable locations in current models of naturally-occurring atherosclerosis. A more manageable and reproducible model has been developed by accelerating the atherosclerotic process in susceptible animals. Granada et al developed a novel coronary atherosclerotic model using percutaneous intramural injections of cholesteryl linoleate. This model expressed complex, inflammatory lesions that contained lipid and resembled those of complex human atherosclerotic plaque on intravascular ultrasound images \[[@pone.0163055.ref023]\]. However, the major limitation of this model is that lesion contain an abundant smooth muscle cells/proteoglycans but without a necrotic core, calcification, and collagen type I \[[@pone.0163055.ref024]\]. Thim T et al. recently developed a downsized pig with familial hypercholesterolemia and created human-like coronary atherosclerosis by balloon-injuring the coronary artery with balloons after 14 weeks suggesting that the high-cholesterol/high-fat diet together with balloon injury accelerate coronary atherosclerosis \[[@pone.0163055.ref025]\]. Exposing injured arteries to extremely high levels of LDL-C might have been responsible for accelerating the formation of coronary atherosclerotic lesions in our model. In our model, we showed advanced coronary atherosclerotic lesion at an earlier period (8 weeks after balloon injury) and less expensive than downsized pigs which may take advantages in time frame for animal management and financial investment.

Coronary angioplasty is an established procedure in domestic swine with normal cholesterol levels. The key problem with this model is that the arteriosclerotic pathology differs from that in human; the lesions have abundant fibrotic tissue with little necrotic core formation \[[@pone.0163055.ref026]\]. Our investigation of temporal changes in histological tissues from our model pigs revealed human-like atherosclerotic lesions containing a lipid pool at four and eight weeks, and predominant fibrous components at 12 weeks. The serial time course of atherosclerosis process appeared to be accelerated in our model.

Limitations {#sec020}
===========

The present study has limitations. We combined diet-induced hypercholesterolemia with balloon injury to accelerate the atherosclerotic process and reduce the observation period in a small sample of LDLR-KO pigs. Human atherosclerosis naturally develops without local lesion injury and local accelerated model lesions might not be representative of spontaneous coronary lesions. Compared with the natural course of human atherosclerosis, our model produced plaque containing smooth muscle cells derived from vascular injury. However, obstructive atherosclerosis in humans is clinically treated using non-compliant balloons and stents, therefore, injury induced in a model might also be helpful to verify the effects of such treatment modalities \[[@pone.0163055.ref027]\]. Although spontaneous atherosclerotic lesions might differ, accelerated lesions can be useful in studies of specific atherosclerosis-related processes \[[@pone.0163055.ref028], [@pone.0163055.ref029]\] and in imaging studies that detect a specific localized plaque component without the unpredictability of locations associated with spontaneous lesions \[[@pone.0163055.ref007]\].

Conclusions {#sec021}
===========

We established a model of accelerated coronary atherosclerosis using LDLR-KO pigs with balloon injury. This model can be useful as a preclinical tool for pharmacology or devices and as an aid to investigate the mechanism of plaque formation and progression.
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